Truncation of projection data in CT produces significant artifacts in the reconstruction process due to non-locality of the Radon transform. In this paper, we present a method for reducing these truncation artifacts by estimating features that lie outside the region of interest (ROI) and using these features to complete the truncated sinogram.
INTRODUCTION
If the field of view for a Computed Tomography (CT) scan were collimated to include only a region of anatomic interest, the integral dose to the patient could be reduced. However CT reconstruction suffers from truncation artifacts if the scan field of view (FOV) is smaller than the size of the object to be imaged due to non-locality of the Radon transform. The truncation artifacts are characterized by bright bands at the edge of the FOV, obscuring the anatomy around the edge. It also results in a severe "inverse cupping" artifact, reducing contrast at points inside the FOV. Various approaches have been proposed to reduce these artifacts by estimating or determining data outside the FOV, and hence reduce the truncation artifact. These may be classified into four categories.
The first category of methods to overcome truncation artifact estimates the data outside the ROI. Hsieh 1 presented an approach for extending the FOV by using the property that the total attenuation of each projection in a parallel-beam geometry remains constant over the views. Ohnesorge et al 2 , developed an extrapolation procedure, in which the data outside the ROI was smoothed, so that the intensity dropped at a slower rate. The hybrid detruncation 3 (HDT) algorithm backprojects the data and completes the missing portions of the truncated sinogram using the reconstructed data. An algebraic technique 4 involving multiple backprojection and projection operations has been proposed to overcome these truncation artifacts. Wiegert 5 proposed a reconstruction technique in which the truncated data acquired during intervention was combined with the previously acquired 3D data of the same anatomy covering the whole object. An optical means of determining the data outside the FOV was proposed by Wagner 6 . The second category aims at identifying and eliminating objects 7 that corrupt the data inside the ROI (The term ROI is used synonymously with FOV) in the projection images and removes them to obtain better reconstruction inside the ROI.
A third category of ROI techniques called "Local Tomography" was developed by Faridani, et al. 8, 9 , which reconstructs using the data along lines very close to the point of interest. However the reconstructed image from local tomography does not represent the map of the attenuation coefficients, but only the edges and boundaries.
A fourth category 10, 11 of algorithm acquires data outside the ROI but at a reduced dose.
In this paper, we propose an extrapolation technique which takes advantage of the fact that every feature in the object traces a sine curve in the sinogram. By completing the sine curves in a truncated sinogram, we can obtain reconstruction comparable to full FOV inside the ROI. The truncated sinogram is decomposed into individual sine curves by mapping the projection space into (r, φ) space using a process similar to backprojection. The truncated sinogram is completed using the (r, φ) space image and then reconstructed. The technique was tested on two categories of data sets. In the first set of data, the image had stent alone, which was a clearly identifiable high contrasts object. The second data set was the image of a head phantom, which did not have any identifiable high contrast objects in the ROI.
ROI IMAGE ACQUISITION
The projection images for the study were acquired using the system shown in Figure 1 . The system specifications used for obtaining the stent images were 1. An Oxford Ultra-Bright x-ray tube (Oxford Instruments PLC, Scotts Valley, CA, USA) with a focal spot of 40 microns using 90 kV, 2 mA and an exposure time of 300 ms.
2.
A detector 10 that utilizes a 2D CCD camera and has a field of view (FOV) of approximately 5 cm X 5 cm. The pixel size is 43 microns with an image size of 1024 X 1024 and bit depth of 12.
3.
A Tri-Star stent (Guidant Corporation, Indianapolis, IN, USA).
The system specifications used for obtaining the images of head phantom were 1. Infinix C-Arm system (Toshiba Medical Systems Corporation, Tokyo, Japan).
2.
An image-intensifier-based detector with a pixel size of 270 microns and an image size of 1024 X 1024.
3.
A human head phantom (The Phantom Laboratory, Salem, NY).
For both data sets, a rotary stage with degree precision better than 0.1 was used to acquire images every 2 0 for a full 360 0 rotation; thus, 180 projection images were acquired. As indicated in Figure 1 , the x-ray source and detector are stationary, and the object is rotated. 
METHODS

Sinogram decomposition
Let the Radon transform of a given function f(x,y) be denoted as R[f],
where P(x', θ) is the projection image as indicated in Figure 2 .
Reconstruction can be performed by finding the inverse Radon transform which can be written mathematically as When the entire object is imaged in all projections, the inverse Radon transform yields the original object (to within the limitations of resolution and noise statistics). When truncated projections (i.e., projections with incomplete data outside an ROI) are obtained, objects at radii larger than that of the ROI appear in some projections and not in others. Thus, the truncated projection data are inconsistent, and result in artifacts due to non-locality of the Radon transform.
To overcome the truncation artifacts, we propose to estimate the data outside the ROI using the information within the ROI. The method makes use of the sinogram, which is a two-dimensional data set consisting of the projection data P(x',θ) for all x' and θ. For this study, a truncated sinogram, resulting from an ROI smaller than the object, is obtained by assigning a value of zero outside the ROI in the projection image. To estimate the data in the region outside the ROI, we transform the truncated sinogram data from (x', θ) space to (r, φ) space, where r is the radius from the center of rotation (isocenter) and φ is the phase angle (the angle made by the vector joining the feature and the isocenter with the x-axis), as shown in Figure 3 . The transformation relating the two spaces is given by 
For non-truncated sinograms, the transformation for back projection would normally involve summation along each sine curve, after the application of a ramp filter to each projection. This summation is placed at the (r,φ) location to obtain the reconstructed image. This (r,φ)image is the polar representation of the reconstructed image.
However, for the truncated sinogram, this approach leads to artifacts due to inconsistent data. In an attempt to overcome these artifacts, we use a non-linear approach in which we determine the minimum attenuation value along the sine curve and use that value for the (r,φ) location in the image. We designate this image as the "polar representation image", PR(r,φ).
For a discrete case, the decomposition process can be defined mathematically as where S(x',θ) is the truncated sinogram, and I(x',θ) is a function defined as
The intensity of a point in the PR image is determined by the minimum value on the sine curve. This assumes that, if the feature corresponding to the sine curve does not overlay any other feature, will directly give the attenuation coefficient corresponding to that feature. Thus, every point in the PR image corresponds to a sine curve in the projection image and its intensity will be the minimum attenuation value along that sine curve.
Selection of sinogram completion parameters
When fitting a sine curve, error in estimation of the phase of the sine curve results in translation of the sine curve whereas error in estimation of radius of the sine curve results in distortion of the sine curve. Hence the PR image is blurred in the radial direction but not in the phase direction. Thus at a very high radius in comparison to the ROI radius, the blurring will be high. This limits the size of the radius of completion in relation to the ROI radius. For the case of stent wires, which had fewer and well defined high contrast objects, 4 times the size of the ROI radius was chosen. For the head phantom, which did not have well defined features, 2 times the size of the ROI radius was chosen.
To determine the range of intensity values of the sine that will be completed, we generate the histogram of the PR image. The pixels in the top 10% intensities of the histogram (corresponding to the high contrast objects) are completed in the sinogram.
Sinogram completion method
To evaluate the method, 1. A truncated sinogram (Figure 4b ) is created from a full FOV sinogram (Figure 4a ) by setting the data outside the ROI to zero; it is then log converted to obtain a sinogram in attenuation space. 2. The underlying constant background is removed by subtracting, the minimum attenuation value inside ROI from all points inside the ROI, to obtain a subtracted sinogram. This is done so that high contrast structures inside the ROI are highlighted. 3. For each point (r,φ) in the PR image ( Figure 5 ), and for each projection angle (θ), the corresponding coordinate in the subtracted sinogram is generated using Equation 3. 4. The minimum intensity value along each of these sine curve inside the ROI is determined in the truncated sinogram and is assigned to the point (r,φ) in the PR image. 5. Steps 3 and 4 are repeated until all points in the PR image are used. 6. The sinogram is then completed outside the ROI by using the PR image. For every point (r,φ) in the PR image, a sine curve is generated outside the ROI which corresponds to that point in the truncated sinogram. The sine ( )
curves are chosen based on two parameters: the radius at which the sine curve is located in the PR image and its intensity value. The selection of these two parameters are described in Section 3.2. 7. The individual sine curves are continued and added in the region outside the ROI. Hence the intensity outside the ROI may be greater than that inside, if there is a superposition of sine curves at some locations in the sinogram. Thus, the intensities must be equalized prior to back-projection. This is done by assuming a linear relationship in the intensities inside and outside the ROI, in the vicinity of the ROI boundary. We average the intensity values close to the edge of the ROI both inside (I in ) (3 pixels inside the edge) and outside (I out ) (3 pixels outside the edge) for all the projection angles. We then obtain the mapping function by fitting I out (x-axis) and I in (y-axis) and the region outside the ROI is equalized to obtain the equalized sinogram. 8. The minimum value (corresponding to the background) subtracted in Step 2 is then added back to the equalized sinogram ( Figure 6 ) and the image is then reconstructed from the resultant sinogram. This reconstructed image will be referred as the "completed reconstruction." For comparison, an extrapolated-average reconstruction was performed by assigning the average intensity of each projection angle inside the ROI to all points for the same projection angle in the region outside ROI in the sinogram. It was observed by Van Gompel et al 7 that completing the data outside the ROI using a smooth function can improve reconstruction substantially inside the ROI. The extrapolated-average reconstruction was performed as a first approximation to smoothing the data outside the ROI. 
Metrics
Qualitative metrics such as details visible and artifact reduction in the reconstructed ROI were used to compare the effectiveness of sinogram completion. For quantitative comparison, the difference image between the full FOV reconstructions and the truncated and extrapolated-average reconstruction were obtained. The mean square error (MSE) value between the full FOV reconstruction and other two reconstructions was calculated inside the ROI. Percentage error (PE) defined as the ratio of MSE to the intensity of the structure (stent or bone) in the reconstructed image was also calculated.
RESULTS & DISCUSSION
Results for stent only case
The minimum value inside the ROI for a sinogram of the projections of a stent alone is zero, so that the subtracted sinogram is the same as the truncated sinogram. In Figure 7a -7e, we present the results for reconstruction using the sinogram of the stent image. The high-contrast point-like objects in the full FOV reconstruction (Figure 7a ) correspond to the individual stent wires. The circle at the center corresponds to the selected ROI region. The stent wire inside the ROI for the reduced FOV is reconstructed using both methods: Figure 7b is the sinogram completed reconstruction and Figure 7c is the extrapolated-average reconstruction. Figure 7d and 7e are the corresponding difference images. The MSE (Table 1 ) in Figure 7d is 32.2, and the PE (calculated with reference to the intensity of stent wires in the reconstructed image) is 0.37%, while the corresponding values for the extrapolated-average reconstruction (Figure 7e ) are 68.1 and 0.76%, indicating that reliable reconstruction can be obtained from sinogram completed reconstruction. It also indicates that the reconstruction using sinogram completion is superior to the extrapolated-average reconstruction.
The difference image in Figure 7d and 7e look similar qualitatively but differ quantitatively due to the cupping artifact. 
Results for head phantom
The head phantom has a non-zero minimum (i.e. background) inside the ROI. Hence before decomposition, a subtracted sinogram (Figure 8 ) is created. Figure 9 is the PR image of the head phantom. The PR image is obtained by decomposing (determining the minimum value along the sine curve) the subtracted sinogram (Figure 8 ) of the head phantom after subtracting the minimum intensity at all points inside the ROI, so that high contrast features are highlighted. (Table 1) for completed reconstruction is 25.0, and the PE (calculated with reference to the intensity of bone in the reconstructed image) is 1.1%, while the corresponding values for the extrapolated-average reconstruction (Figure 11e ) are 75.2 and 3.3%. Both the techniques appear to provide fairly accurate reconstructions, even though the region outside the ROI was estimated. The improvement provided by the completed-reconstruction indicates that this technique provides more information than the extrapolated-average reconstruction. The difference image in Figure 11d and 11e look similar qualitatively but differ quantitatively due to the cupping artifact. d and e is 100 times that of b and c. The ring artifact at the center of the image is a result of detector gain differences which can be corrected using a flat field acquisition. 
CONCLUSION
Reduced FOV provides a way to reduce the integral dose to the patient, when acquiring the images of an ROI. However, truncated reconstruction results in severe artifacts at the edge of the ROI. These artifacts can be reduced using sinogram completion by extrapolating the "ROI" data in the region outside the ROI. We found that the technique performs for both high as well as low contrast objects and provides reconstruction within 1% of the full FOV reconstruction. It also improves the reconstruction in comparison to a simple estimate of the data outside the ROI.
